Abstract. Suicide, the tenth leading cause of death worldwide, is a complex phenomenon. Models aiming to explain the interaction of ambient variables such as socioeconomic factors, lithium content of drinking water and altitude are poorly developed. While controlling for several risk factors, this research bridges two different, but complementary research lines by investigating statistically the relationship on suicide mortality between lithium levels in drinking water in response to altitude above sea level. Besides regression models with main effects, a multiplicative interaction model between lithium and altitude has been developed providing estimates at the district-level for Austria where spatial autocorrelation was accounted for through spatial filtering. The correlation results showed a negative association between lithium levels and altitude. The regression confirmed a negative association of lithium levels and suicide mortality. Altitude was found to be positively associated with suicide mortality. On the other hand, lithium effects on suicide mortality were found to be moderated by altitude. In lower altitude regions the effect turned out to be negatively related to suicide mortality, while lithium had a positive association in high-altitude regions. These results provide evidence for the fact that the relationship between lithium, altitude and suicide rates is more complex than hitherto assumed. Further research on the effects of ambient variables such as low levels of lithium on suicide is needed and particularly the lithium-altitude interaction is worth further investigation to understand possible underlying neurochemical processes.
Introduction
Suicide is a major public health issue accounting for over one million deaths per year making it the tenth leading cause of death worldwide (Hawton and van Heeringen, 2009) . It is a complex phenomenon with multiple risk factors including age, sex, ethnic origin, marital status, psychiatric disorders, availability of psychosocial services and other sociodemographic characteristics such as religious denomination and unemployment (Mann et al., 2005; Hawton and van Heeringen, 2009) . Suicide rates vary greatly between countries and also between different geographical regions within countries (e.g. Kapusta et al., 2011; Helbich et al., 2012) but the underlying reasons are not well understood (Mann et al., 2005; Hawton and van Heeringen, 2009) .
Recent research has found evidence that lithium levels in drinking water supply may have an impact on the regional distribution of suicide mortality rates. Higher levels of lithium have been associated with lower suicide rates (Schrauzer and Shrestha, 1990; Ohgami et al., 2009; Kapusta et al., 2011; Helbich et al., 2012; Blüml et al., 2013) . While suicide protective properties of lithium in therapeutic dosages are well established (Baldessarini et al., 2006; Guzzetta et al., 2007) , the exact mode of action of the low levels of lithium found in drinking water is still not known. Indeed, contradictory results have been reported (Kabacs et al., 2011) and the few conducted studies have been challenged due to limitations such as too simplistic statistical models, disregard of the possible influence of space as well as potential interaction effects (Huthwaite and Stanley, 2010; Yang, 2011) . In this context, spatial analysis is beneficial (Richardson et al., 2013) . Of particular relevance is the consideration of spatial effects in statistical regression models (Helbich et al., 2012) .
Altitude has been reported to influence suicide rates Kim et al., 2011) . In the United States of America (USA), it has been found to be an independent risk factor for suicide even when controlling for age, sex, race, median household income, gun ownership, and population density Kim et al., 2011) . It was speculated that in higher altitude regions, metabolic stress with mild hypoxia might lead to a worsening of mood disorder symptoms and thus to higher suicide rates Kim et al., 2011) . These findings have been criticised for not controlling for possible confounding factors such as sociodemographic variables and the availability of mental health care, alleged to be a more plausible explanation for higher suicide rates in high-altitude regions (Betz et al., 2011 (Betz et al., , 2012 . Nevertheless, altitude is also known to have an effect on the pharmacokinetics and has been shown to significantly influence lithium pharmacokinetics in healthy humans (Arancibia et al., 2003) . These changes were considered clinically relevant and there is indeed a report of potential altitude-induced hypomania in a bipolar adolescent person secondary to altitude-related changes in lithium pharmacokinetics (Brahm and Puls, 2011) . Lithium, a soluble alkali metal, is dissolved by rain water from rock and soil and is therefore, depending on the prevailing type of rock, found in water in certain areas (Schrauzer, 2002) . Moreover, the lithium concentrations in ground water have been reported to be dependent on altitude (Shvartsev, 2008) .
Based on the brief literature review, it can be concluded that (i) both lithium and altitude have an impact on suicide mortality and (ii) that a combined lithium-altitude interaction seems rational, although empirical evidence is lacking thus far. It was hypothesised that the recently found influence of altitude on suicide mortality rates might be due to differences in lithium concentrations, both in ground and drinking water at different altitudes. Furthermore, it was also hypothesised that altitude might have a moderating effect on the influence of lithium in drinking water on suicide rates, which has not been accounted for in previous research. Therefore, the present research was initiated with the aim to examine the association between lithium, altitude and suicide mortality in more detail by using advanced statistical methodology to account for possible spatial autocorrelation by means of spatial filtering.
Materials and methods

Study site and data
This study was conducted in Austria with the district level serving as the basic unit of analysis. The full set of all districts were considered (N = 99). The initial dataset comes from Kapusta et al. (2011) , with several variables being added for this present research.
Suicide data for the period between 2005 and 2009 were collected from the official Austrian mortality database of Statistics Austria. To account for different age distributions at the district level, the originally collected suicide data were transformed and expressed as standardised mortality ratios (SMRs) for suicide by taking the age composition of the general Austrian population as standard. Subsequently, the SMRs represent the response variable and were mapped in the top panel of Fig. 1 . Above average SMRs (mean 0.802; standard deviation (SD) 0.198) can be observed in the alpine areas (>0.985), while the eastern parts of Austria outside the alpine areas show relatively low SMRs (<0.719) (see Fig. 1 ).
The present research focused on lithium content in drinking water and altitude as the two covariates of main interest. Information about the former, obtained from AQA GmbH, covers the period from 2005 until the fall 2010. On the basis of in-situ measurements, lithium content values were taken from a total of 6,460 water samples from various places in the districts. The lowest measurable threshold lithium level, determined by inductively coupled plasma optical emission spectrometry, was 0.0033 mg/l. The individual lithium measurements were aggregated at the district level (mean 0.010 mg/l; SD 0.011 mg/l) for statistical analysis. On average, 65.3 samples were collected from each district with a range from 1 to 312. In terms of lithium levels (Fig. 1, middle panel) an eastwest trend is apparent, with the eastern areas showing considerably higher lithium levels (above 0.016 mg/l) compared to western Austria with 0.004 mg/l. A digital elevation model (DEM) was processed to derive the average altitude for each Austrian district. The DEM was provided by the Department of Geography and Regional Research at the University of Vienna (Federal Office of Metrology and Surveying, 2007) . It represents a nationwide dataset with a spatial resolution of 10 m. The average altitude information for each district was calculated with basic geographical information system (GIS) procedures, applying zonal statistics. Fig. 1 Table 1 reports detailed descriptive statistics for SMR and for each of the nine covariates used in this research. 
Modelling
The modelling part in this paper comprises of two main components. At first, a linear regression model with interaction effects was formulated. Due to the bias of spatial effects observed in the original regression model, it was extended by eigenvector filtering.
Regression model. Previous studies testing the association between SMR and lithium, possibly moderated by altitude, utilised multiple ordinary least square (OLS) regression analysis (Kim et al., 2011) . In contrast to, for example, Kapusta et al. (2011) , our study does not only focus on additive effects, but also includes a conditional (moderation) effect of the impact of lithium on SMR through the "altitude" covariate. Within the regression framework, conditional effects were modelled by means of interaction terms, represented as the product of two covariates (Jaccard et al., 1990 , Brambor et al., 2006 , Berry et al., 2012 . In the course of modelling interaction effects, Brambor et al. (2006) state that a lack of multicollinearity among the variables is critical and that there is a need to pay special attention to model validation, e.g. by variance inflation factors (VIFs) as done by Fox (2002) . A violation of this assumption increases standard errors. It should also be noted that the interpretation of the coefficient differs in comparison to a model with additive terms, when interaction effects (X × Z) are included. Considering a conditional effect, the marginal effect of the variable X (given by β x + β xz Z) is conditional on Z. If Z = 0 then the marginal effect of X on Y reduces to β x . Due to the constant slope β xz the marginal effect of X changes by β xz for every unit increase in Z (Berry et al., 2012) .
Spatial filtering.
As noted by Kim et al. (2011) and shown by Helbich et al. (2012) , suicide rates are subject to regional variations, which violate OLS model assumptions. For example, such regional variations imply that a district has a similar SMR as an adjacent district , but a rather different SMR than district located further away. The spatial phenomenon of similar values being located nearby or clustered in space is termed (positive) spatial autocorrelation (SAC). Ignoring such a spatial process, as observed by Kim et al. (2011) and Kapusta et al. (2011) , has consequences for classical statistical inference, including biased and inconsistent parameter estimates and/or standard errors, which may cause invalid conclusions as discussed by Anselin and Bera (1998) . It is thus of paramount importance to model SAC explicitly.
As has been proven by Thayn and Simanis (2013) , spatial eigenvector filtering (SEF) (Griffith, 2000; Tiefelsdorf and Griffith, 2007) is such a powerful and flexible approach to explicitly model SAC in regressions. SEF is based on the decomposition of the Moran's coefficient (MC) for a given spatial weight matrix, describing the spatial configuration of districts. The MC is a spatial statistic to test whether a spatial pattern includes SAC. The range of the MC is between -1 and +1. Negative values indicate that neighbours are dissimilar to each other, while positive values indicate the spatial clustering of high, medium or low values, and a value around 0 represents spatial randomness. Henceforth, following Patuelli et al. (2011) , the queen neighbourhood schema coupled with a coding, which refers to a global standardization of the weight matrix, was employed. Eigenvector decomposition was utilised to extract a set of orthogonal and independent eigenvectors (EVs) directly from this matrix. Tiefelsdorf and Boots (1995) have shown that each EV portrays a certain degree of latent SAC. For example, the first EV reflects the largest possible MC value, while the second EV expresses the largest obtainable MC by any possible set of EVs that is not correlated with the first one. Typically, the first few EVs mimic more global trends, while higher order EVs imitate regional to local patterns (Griffith, 2000) . To initially reduce the EVs to a manageable set of candidate EVs, Tiefelsdorf and Griffith (2007) propose to focus on EVs above the threshold value of MC/MC max >0.25. Through a stepwise variable selection algorithm by minimizing the Akaike information criterion (AIC) score, the response variable SMR is regressed onto these candidate EVs which results in the final set of significant EVs. Lastly, to achieve a more parsimonious spatial filter (SF), a linear combination was computed (Grimpe and Patuelli, 2011 where SMR i is the standardised mortality ratio in district i, the βs are the coefficients to be estimated, the multiplicative term LITH i × ALT i is the interaction effect between lithium and altitude, CV k is the kth control variables, the lth EV l are the selected spatial filters, and ε is the error term. The inclusion of spatial filtering turns the basic, non-spatial regression model into a spatially explicit model, which is of crucial importance when analysing spatial data.
Results
Initially, the relationship between the SMR and both covariates lithium content in drinking water and altitude was analysed by non-parametric Spearman's rank correlation coefficients. As expected, both covariates showed a significant correlation with SMR. While lithium is negatively related to SMR (ρ = -0.26; P <0.01), altitude showed a positive association (ρ = 0.45; P <0.001). Moreover, the hypothesised relation between lithium and altitude was confirmed by a significant and negative correlation of ρ = -0.64 (P <0.001).
As SAC effects are critical for the subsequent regression analysis, all variables were tested by means of the MC. Using the queen contiguity condition coupled with the globally standardised weight matrix coding, the MC turned out to be highly significant (P <0.001) for all variables, with the exception of population density, psychiatrist density, general practitioner density and unemployment rate, which were found to be randomly distributed across space (P >0.05). These results support the notion that space might have a substantial impact on regression analysis, which possibly demands spatial filtering.
In the next step, the individual, additive effects of lithium level and altitude were tested in a non-spatial multiple regression model (model 1), where SMR was regressed on the set of all covariates included in Table  1 . As indicated by the exploratory analysis through MCs, validation of the model assumptions is in this case of utmost importance. The results show that this model is severely affected by spatially non-independent residuals (MC = 0.194; P <0.001), biasing the estimations of the model. Additionally, heteroskedasticity turned out to be a problem (BP = 20.09, P <0.05). Finally, an adjusted R 2 of 0.323 points to a low model performance. Due to its misspecification, this initial model will not be further discussed here.
One solution to gain reliable estimates is to absorb the present SAC effects by incorporating a SF into the initial model. Based on the selected neighbourhood specification (queen contiguity and C-coding; see Patuelli et al., 2011) , 22 candidate EVs had a MC larger than the threshold of 0.25. To further reduce the set of EVs, SMR was regressed onto these 22 EVs to select the significantly associated final EVs. By computing the linear combination of those seven resulting EVs established the final SF, which turned out to explain approximately 32% of the SMR variance. Clearly, this emphasises the importance of space in statistical analysis and supports the conclusions in Helbich et al. (2012) . Therefore, the aspatial model 1 was extended by this SF and re-estimated (model 2 in Table 2 ). With an adjusted R 2 increase and AIC decrease, the fit of model 2 was significantly improved. To eliminate nonsignificant covariates, a stepwise covariate selection by means of AIC reduction was applied resulting in model 3. The AIC was further reduced to -108 and 53% of the variance could now be explained. Additionally, the SF was significant and effectively absorbed the SAC, which was confirmed by a none significant MC (P = 0.933). Model 3 was also wellbehaved, because heteroskedasticity was rejected (BP = 8.04; P = 0.154), residuals were normally distributed (JB = 1.541; P = 0.463) and the RESET test detected no misspecification of the functional form (P = 0.281). The results indicate that lithium level, proportion of Roman Catholics and unemployment rate are significant predictors of SMR at the 95% significance level and altitude at the 90% significance level. More specifically, a statistically significant negative relationship between lithium content in drinking water and SMR is found. One unit increase in lithium yields approximately a fivefold decrease in the suicide SMR. In contrast, altitude is positively associated with suicide SMR. The other significant control variables showed expected signs. Above and previously published models are limited by considering lithium level and altitude as additive effects. Therefore, the final model 4 extends model 3 by an interaction effect between these two covariates ( Table 2 ). The results show that model 4 performs better than model 3 due to an AIC score of -111 and an adjusted R 2 value of 0.554. Also an ANOVA test clearly favours model 4 by rejecting the hypothesis that the interaction effect does not add significant explanatory power (F-test = 5.16; P = 0.025). As discussed above, multicollinearity may be problematic due to the inclusion of the interaction parameter into model 4. However, this can be rejected, since for all variables the VIF scores were below 3.8, i.e. clearly below the critical value of 10 recommended by Fox (2002) . None of the statistics employed to verify model assumptions depicted any anomaly.
The coefficient for lithium was found to be negative and significant. This indicates that higher lithium levels in the drinking water would decrease the SMR. At sea-level (the altitude equals zero), a one unit increase in lithium would reduce the SMR about ninefold. Similarly, if lithium equals 0 the weaker main effect of altitude on the SMR is statistically significant and negative. Considering the interaction effect, the magnitude of the estimated coefficient for lithium was less pronounced. It must be noted that the models' coefficients in model 4 cannot be directly compared to the previous models 1 to 3. The existence of these twoway interaction effects was verified through the significance of a product term at the 95% level and showing a positive sign. There is thus significant evidence that the impact of lithium on the SMR varies with altitude. When compared to the results in Helbich et al. (2012) , the lithium effect was less pronounced at the mean altitude when an additional interaction effect was included. Because such higher-order model terms are difficult to interpret, the so-called effect displays introduced by Fox (2003) were applied to increase the quality of the interpretation. Effect displays visualise statistical terms in regression models, where a covari- ate is allowed to vary across a set of values of a moderating variable, while other covariates are being held constant at a typical value such as the mean. Fig. 2 shows the marginal effect and the corresponding 95% confidence envelopes. To illustrate how the marginal effect of lithium changes, altitude was varied between the 10 th and the 90 th percentile, which clearly reveals that the impact of lithium depends on the altitude level. While the effect of lithium on SMR was slightly negative in lower altitudes (lower left panel), the sign changed to positive for higher altitudes and became more pronounced, while the remaining covariates were held constant at their sample means. There seemed to be no effect for medium altitudes. Simultaneously, due to fewer sample data for higher altitude, the 95% confidence intervals (CIs) increased. This indicates that the effects are less precisely estimated for higher altitudes. Moreover, and in contrast to Helbich et al. (2012) , no statistical support was found that psychiatrist density had a significant effect on suicide SMR. Similarly, the effect that the proportion of Roman Catholics had on the suicide SMR again matched the results from Helbich et al. (2012) . Finally, unemployment rate had a significant negative association with suicide SMR.
The final step in the analysis of model 4 decomposes the R 2 to determine the relative importance of each covariate using the sequential sums of squares method (LGM) (Grömping, 2009) . To receive the 95% CI level, 1,000 bootstrap runs were employed. The contribution of each covariate is depicted in Fig. 3 . Not surprisingly, with a relative importance of approximately 40%, the SF was found to be the most important covariate, while lithium and the proportion of Roman Catholics turned out to be the second most important covariates, each contributing approximately 20% to the overall R 2 . The two covariates, altitude and unemployment rate, were found to be less important as they provide only 8% and 7%, respectively to the overall R 2 . With about 4% contribution of the interaction effect (INT), its significance was rather small.
Discussion and conclusions
The present research investigated statistically the impact of lithium in drinking water on suicide in response to altitude from 99 districts located in Austria from a spatial perspective. Simple correlation analysis showed a distinct positive association between altitude and SMR thus corroborating previous studies Kim et al., 2011) speculating that the influence of altitude on brain oxygen supply might explain higher suicide rates in high altitude areas Kim et al., 2011) . Supporting Shvartsev's findings (2008) , which demonstrated that the general salinity of ground waters increases with decreasing altitude, an association which holds true for lithium, our results also showed a negative association between lithium concentrations and altitude. Considering the previously reported negative association between lithium levels in the drinking water and SMR by Kapusta et al. (2011) and Helbich et al. (2012) , these findings offer a novel, possible explanation for the reported association between altitude and SMR insofar as lower lithium concentrations in the ground and the drinking water might be responsible for higher suicide rates in high-altitude areas. Of course, this hypothesis needs further scrupulous examination.
Subsequently, our study expands previous simple main effects models, testing only the effect of lithium on suicide in addition to other control variables, by including the predictor altitude as well as its interaction effect with lithium. The significant negative association of lithium and suicide rates in Austria still held true. More importantly, this study is able to demonstrate that this effect is moderated through altitude. While lithium is negatively associated with suicide rates in lower altitude regions, this association changes to a positive correlation in high-altitude regions. The modelling results show that simply assuming additivity in the parameters, as in Helbich et al. (2012) and others, hides essential relationships, and that more complex associations can be expected. The possible mechanism of action of this moderating effect of altitude on lithium activity is uncertain. It has been reported that altitude influences the pharmacokinetics of lithium and Fig. 3 . Relative covariate importance for SMR with 95% bootstrap confidence intervals using the LMG method. that these changes might be clinically significant (Arancibia et al., 2003; Brahm and Puls, 2011 ). Yet, more research using experimental designs is needed to investigate the interaction between lithium and altitude in more detail. Finally, the results highlight the requirement for an explicit consideration of space in this type of medical research. To our knowledge, this paper successfully uses SEF for the first time in medicine to correct for spatial effects in linear models.
Although the present research yielded several theoretically and methodologically important results, the proposed model disregards possible non-linear relationships. Future work will thus have to explore nonparametric or semi-parametric non-linear models. Furthermore, future models must take into account the hierarchical nature of lithium data, which are sampled at certain geospatial locations. In accordance to the modifiable areal unit problem, this aggregation process at the district level may induce some artificial influence on the estimated parameters. Although our well behaved model refutes this argumentation. Moreover, one limitation of the dataset is the relatively few collected data points for higher altitudes. Therefore, the results presented in this research should be taken with some caution and require replications in other regions, ideally applying a larger and more homogenous sample than compared to the data set used in this study, before plausible and holistic conclusions for medical research can be drawn. Despite of these future improvements, this study sheds new light on the relationship that lithium has with SMR. The results provide clear evidence that this impact is noticeably more complex than hitherto assumed insofar as the effect of lithium is additionally moderated by altitude. We finally argue that altitude effects on suicide mortality seem to be a function of lithium contents of drinking water.
